The authors examined the "aftereffects" of entrainment of Bulla gouldiana to 11 h light:11 h dark (LD 11:11) (T22) or LD 13:13 (T26) on the period (&tau;) of the circadian rhythm of impulse activity recorded in vitro from the eye in constant darkness. When both eyes remained attached to the cerebral ganglion, the average period was 23.9 &plusmn; 0.62 h (mean &plusmn; SD, n = 6) for animals from T22 and 24.9 &plusmn; 0.54 h for animals from T26. The 1-h difference between the periods of the T26 and the T22 animals was significant ( p < .01, t test). When eyes were isolated from the cerebral ganglion by severing the optic nerve, the difference in average period between eyes from T22 and eyes from T26 animals was 2.2 h (23.3 & p l u s m n ; 0.72 h [ n = 7] vs. 25.5 &plusmn; 0.62 [ n = 6], p <.001). When eyes remained attached to the brain but uncoupled from the contralateral eye, the aftereffect of entrainment to non-24-h light cycles was intermediate. For T22 animals, &tau; was 23.9 & p l u s m n ; 0.29 h ( n = 6), whereas for the T26 animals, &tau; = 25.2 & p l u s m n ; 0.48 h ( n = 7). The results show that isolated eyes can express aftereffects and indicate that coupling between ocular pacemakers and efferent signals from the cerebral ganglion diminish the effects of entrainment on the free-running period of the rhythm from the eye.
INTRODUCTION
Although circadian pacemakers are capable of remarkable precision and stability in their free-running period ('t) , light pulses and light cycles can generate short-term changes in period that decay within a few cycles in constant conditions (historically referred to as transients) as well as long-term changes (termed aftereffects) that only decay slowly; in some cases, more than 100 cycles are required for a return to steady state (Pittendrigh and Daan, 1976a) . The mechanistic basis of neither transients nor aftereffects is understood, and the distinction between the two is based solely on the kinetics of the return to steady state after a perturbation. It is possible that the two operationally defined modulations ofr are a continuum of the same process; that is, aftereffects may simply be a slowly decaying version of transients. Nevertheless, the distinction has been useful in discussions of functional significance (Pittendrigh and Daan, 1976a Daan, , 1976b and is retained in the discussion that follows.
Attempts at explaining circadian transients and aftereffects are limited in number. Historically, both transients and aftereffects have been thought to arise 1. To whom all correspondence should be addressed, at Department of Biology, Box 42B, Vanderbilt University, Nashville, TN 37235. JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 12 No. 3, June 1997 218-225 @ 1997 Sage Publications, Inc. as a consequence of the multioscillator organization of the circadian system common to multicellular organisms. One reason is that although these historydependent changes inr are common in multicellular organisms as varied as insects, birds, and rodents (for references and a summary table, see Pittendrigh and Daan, 1976a ), they are not typically observed in unicellular organisms, indicating that multicellular organization may be necessary At least three mathematically defined models have been proposed that account for the effect of entraining or phase-shifting signals that lead to aftereffects or transients in circadian systems. In each of the models, the effect of the external signal is to cause a change in phase relationship between coupled oscillators that are differentially sensitive to the stimulus. On entry into constant conditions, the return to the steady-state phase relationship and, consequently, to the steady-state period may require a few (transients) or many (aftereffects) cycles. For example, Pittendrigh (1960 Pittendrigh ( , 1981 argued eloquently that the transient cycles that follow a phaseshifting light pulse in Drosophila pseudoobscura reflect the motion of a slave oscillator as it regains, over several cycles, its normal, stable phase relationship to the pacemaking oscillation that is &dquo;instantaneously&dquo; reset by the pulse. Transients and aftereffects also have been shown to arise from models composed of two mutually coupled oscillators that are differentially sensitive to external signals (Daan and Berde, 1978; Kawato, 1985;  J. Elliott, personal communication, June 1996).
These ideas raise questions that have important implications not only for our understanding of the underlying mechanisms and functional importance of transients and aftereffects, but also for the creation and evaluation of models of the mechanism by which the circadian oscillation is generated within the individual cell. As efforts are made to organize identified biochemical components into both the mathematical and molecular models of the circadian pacemaker, it will be critical to know precisely which general properties of the circadian system must be accounted for by intracellular processes and which depend on intercellular interactions among components of the circadian system. For example, emerging models for pacemaker entrainment that have arisen as a consequence of the recent discoveries of the light sensitivity of the frequency (Crosthwaite et al., 1995) and timeless (Hunter-Ensor et al., 1996 , Zeng et al., 1996 genes or their products as yet provide no hint of explaining the long-lasting changes in the oscillator period reflected in aftereffects. Three specific questions seem critical. First, do these history-dependent changes in period occur as a consequence of multioscillator organization as the current models suggest? Although this notion is common, single limit-cycle oscillators can exhibit transient short-term and long-term changes in period (e.g., Canavier et al., 1993) , and thus there is no obvious theoretical basis for the assumption that multiple oscillators are required. Second, is multicellular organization, and by inference intercellular communication, a prerequisite for expression of transients and aftereffects ? In view of recent evidence that single cells may contain multiple oscillators that are differentially sensitive to light pulses (Roenneberg and Morse, 1993; Morse et al., 1994) , even a necessity for multiple oscillators would not preclude the expression of transients and aftereffects in unicellular organisms. Furthermore, although transients or aftereffects have not been commonly observed in unicellular organisms, they are not unknown (e.g., Johnson and Kondo, 1992) . Finally, there is the question of whether or not short-term transients and long-term aftereffects are fundamentally (mechanistically) different; do their different time courses simply reflect different kinetics of the return of the system to steady state following a perturbation?
In the present article, we begin to approach these questions experimentally by exploring the notion that aftereffects of entrainment are dependent on the multicellular, multioscillator organization of the circadian system of the mollusk, Bulla gouldiana.
MATERIALS AND METHODS

Animals
Bulla were obtained from a supplier on the U.S. West Coast (Marinus). On arrival in the laboratory, animals were housed in a recirculating seawater (Instant Ocean) system maintained at 15°C and were exposed to light cycles that consisted of either 11 h of light alternated with 11 h of darkness (LD 11:11; T22) or 13 h of light alternated with 13 h of darkness (LD 13:13; T26). Animals were acclimated to the laboratory and lighting conditions for at least 3 weeks prior to use.
Preparation
The head ganglia (including the cerebral, pedal, and pleural ganglia, each of which is paired, and the unpaired pallial ganglion) and the eyes and optic nerves were removed from animals. at various times during the light phase of the LD cycle following immobilization by injection with approximately 10 ml of isotonic MgCl2. The tissue was placed in one compartment of a partitioned (four compartment) petri dish in buffered, filtered artificial seawater containing penicillin and streptomycin (395 mM NaCI, 10 mM KCI, 50 mM MgCl, 28 mM NaS04, 10 mM CaCl2, 30 mM HEPES buffer, 100 U/ml penicillin, 100 gg/ml streptomycin). The eyes were then threaded through small holes made in two of the partitions of the dish so that the central ganglia, the right eye, and the left eye were isolated in separate compartments. Vaseline petroleum jelly was used to seal the hole around the optic nerve to achieve electrical isolation between compartments. If appropriate to the experiment, additional surgery of cutting the optic nerve near its entry into the cerebral ganglion to isolate the eye was carried out at this time. The dishes were then covered and placed inside photographic paper safes housed in a refrigerated incubator maintained at 15.0 ± 0.1°C.
Electrical activity in each optic nerve was recorded by placing a reference electrode in the central compartment with the ganglia and active electrodes in each of the compartments containing an eye (cf. Page and Nalovic, 1992). Electrical signals were led to a polygraph (Grass Instrument Co., Quincy, MA). The number of impulses in each half-hour period was counted and recorded by a computerized data acquisition system. The gain was adjusted so that only the large, afferent compound action potentials were counted. In those experiments in which both eyes remained attached to the brain, impulses in the optic nerves occurred one for one because of the strong coupling between basal retinal neurons (BRNs) of the two eyes (see Block et al., 1986) . Thus, the period and waveforms of the rhythms from the two eyes were largely identical.
Data Analysis
To assess period of the rhythm in impulse activity in the optic nerve, the first half-hour interval in which the number of impulses was equal to or greater than one half the maximum impulses/half hour for the cycle (referred to here as the &dquo;half-maximum fre-quency&dquo;) was chosen as a phase reference point for the rhythm. The period of each cycle of the rhythm was determined by the time between consecutive phase reference points. Estimates of average free-running period were calculated by averaging the intervals between phase reference points between the second through fifth cycles. Eyes that did not survive for at least 6 days were omitted from the analysis. We also evaluated the durations of the &dquo;active&dquo; (a) and &dquo;rest&dquo;
(p) phases of the circadian cycle. The beginning of the active phase (end of the rest phase) was defined as the first 30-min interval prior to the peak of each cycle in which the number of impulses exceeded five, and the end of the active phase (beginning of the rest phase) was defined as the first 30-min interval after the peak of activity in which the number of impulses was less than five.
RESULTS
An Aftereffect of Entrainment on the Intact
Coupled System
Initial experiments assayed rhythms from pairs of eyes attached to the brain and thus still coupled with one another (Fig. 1 ). The duration of the first cycle of the rhythm after isolation was, on average, quite short for eyes from animals that had been maintained in either LD 11:11 or LD 13:13 (Fig. 2 ). After this initial transient cycle, the period of the rhythms lengthened and appeared relatively stable over the next several days (Fig. 1) . Period values reported in the following are the average of the cycles after the initial transient.
As expected, both eyes from an individual exhibited identical phase and period, consistent with the fact that they remained coupled via axons in the cerebral ganglion (cf. Roberts and Block, 1985; Page and Nalovic, 1992) . Furthermore, the rhythms appeared to have been entrained by the light cycle. Eyes were typically quiescent during subjective night, with the onset of impulse activity occurring near subjective dawn for animals from both light cycles (which is expected given the long duration of the light pulses used). Furthermore, within any one experiment, eyes from different animals from the same light cycle had similar phase.
For animals from the 22-h light cycle, the freerunning period was 23.9 ± 0.62 h (mean + SD; n = 6). This is about one-half hour less than the average period of 24.5 ± 0.36 h for animals maintained in LD 12:12 (Page and Nalovic, 1992) . For animals that had been entrained to LD 13:13, the average free-running period was 24.9 ± 0.54 h (n = 7). The 1-h difference between the periods of the T26 and the T22 animals was signifi- animals. In both cases, the eyes remain attached to the cerebral ganglion, which in turn is connected to the contralateral eye. One of the animals had been entrained to 11 h light:ll h dark (LD 11:11, T22, solid line), and 1 had been entrained to LD 13:13 (T26, dotted line). The eye from the T22 animal has a substantially shorter free-running period than the eye from the T26 animal. Figure 2 . Plot of the average free-running period for each cycle of eyes from animals that had been entrained to either 11 h light:ll h dark (LD 11:11, T22, n = 6) or LD 13:13 (T26, n = 7). Eyes are attached to the cerebral ganglion and coupled to the contralateral eye. Error bars are standard deviations. cant (p < .01, t test). These results indicate that the circadian system of Bulla can exhibit stable aftereffects of entrainment on the period of the free-running rhythm.
Aftereffects in Isolated Eyes
Our next question was whether or not the expression of the aftereffects was in any way dependent on the interactions among components of the circadian system, which includes both coupling between ocular pacemakers and efferent influences from the cerebral ganglion (Roberts and Block 1985; Page and Nalovic, 1992) . In these experiments, the eyes and brain of each animal that had been maintained in the two non-24-h light cycles were removed for recording, and one of the optic nerves was severed. Thus, from each animal, recordings were made from one isolated eye and one eye that remained attached to the brain. Examples of rhythms from the isolated eyes are shown in Fig. 3 . Similar to the coupled system, the duration of the first cycle following isolation was short. Subsequently, the average period lengthened and was stable over the next several cycles (Fig. 4) . The analysis of the period difference between isolated eyes from animals that had been entrained to T22 or T26 was surprising. Contrary to our expectations, the aftereffects were much more pronounced in the isolated eyes than in the intact system (Fig. 5) . The difference in average period between eyes from T22 and eyes from T26 animals was 2.2 h (23.3 ± 0.72 h [n = 7] vs.
25.5 ± 0.62 h [n = 6], p < .001), and analysis of variance (ANOVA) indicated that the interactions among components of the intact system had a significant effect, reducing the amplitude of the aftereffects onr (p < .03).
Overall, the difference inr between T22 and T26 animals was about 1 h less in the intact system than in the isolated eye.
Modulation of Aftereffects by Efferent Signals
The reduction of the aftereffects in the intact system could arise as a consequence of interactions either between the coupled pacemakers of the two eyes or between the eye and the cerebral ganglion. The data suggest that there may be a contribution from both sources, although it proved to be difficult to sort out statistically. When eyes remained attached to the brain but uncoupled from the contralateral eye, the effect of entrainment to non-24-h light cycles was intermediate (Fig. 5 ). For T22 animals, I for eyes that remained attached to the cerebral ganglion was 23.9 ± 0.29 h (n = 6). The average period difference between the pairs of eyes from individual animals, one attached to the cerebral ganglia and the other isolated by optic nerve section, was 0.6 h. This difference was significant (p < .02, paired t test). For the T26 animals, the presence of the cerebral ganglion shortened i by about 0.2 h (r = Figure 3 . Plot of the frequency of compound action potentials (CAPs) as a function of time in constant darkness of isolated eyes from animals that had been entrained to 11 h light:ll h dark (LD 11:11, T22, solid line) or LD 13:13 (T26, dotted line). The eye from the T22 animal has a substantially shorter free-running period than does the eye from the T26 animal. Figure 4 . Plot of the average free-running period for each cycle of isolated eyes from animals that had been entrained to either 11 h light:ll h dark (LD 11:11, T22, n = 7) or LD 13:13 (T26, n = 6).
25.2 ± 0.48 h [n = 7]), a difference that was not statistically significant. In summary, the difference in period between eyes from animals entrained to T22 and those entrained to T26 was 2.2 h for the isolated eye, 1.3 h for the eye + brain, and 1.0 h for the eye + brain + eye (Fig. 5 ).
We obtained similar results in a limited study on Aplysia californica. The average free-running period of isolated eyes from animals entrained to 22-h light cycles was 22.5 ± 0.31 h (n = 7). This is 1 h less than T of isolated eyes for animals from a 24-h light cycle (i = 23.5 ± 0.35 h [n = 38]). When eyes from animals from T22 remained attached to the cerebral ganglion, the free-running period was about 0.3 h longer than the isolated eye (T = 22.7 ± 0.31 h [n = 7]).
What Portion of the Cycle Is Affected?
An additional question of interest is whether or not entrainment modifies period by altering a specific portion of the circadian cycle. We attempted to address this question by comparing the durations of the active (a) and rest (p) phases of isolated eyes from the two T cycles. The results indicated that both a and p were shorter in eyes from the T22 cycle than in eyes from the T26 cycle. Figure 6A shows a cycle-by-cycle analysis of a and p for the two groups of eyes. After an initial transient between the first and second cycles for both groups where a and p both increase (reflecting the transient inr; see Figs. 2 and 4) , a gets shorter in each cycle and p gets longer, presumably reflecting the overall decrease in activity as the eye deteriorates in culture. However, both a and p are consistently shorter in the eyes from the 22-h light cycle than in the eyes from the 26-h light cycle. A similar analysis done on eyes attached to the brain is shown in Fig. 6B . With the cerebral ganglion attached, a is essentially identical for both T22 and T26 eyes, whereas a difference in p apparently persists. Statistically, the only significant difference in these data was between values of p for the isolated eyes from T22 and T26 (two-way ANOVA with Student-Newman-Keuls pairwise comparison of means). We also counted the total number of impulses for the second and third cycles for each of these groups of eyes and found that there were no significant differences, indicating that the prior entrainment had little effect on the level of activity.
DISCUSSION
Two features of the data seem particularly interesting. The first is that the isolated eye of Bulla exhibits a robust aftereffect of entrainment on the free-running period. The results provide no support for our starting hypothesis, that period lability is a consequence of complexity engendered by multicellular organization.
The one caveat to this conclusion is that there are multiple oscillators distributed among cells within the eye. It is known that the pacemaking oscillation in each eye is generated by a population of cells, the BRNs, each of which appears to be a competent cir- Figure 5 . Shows the average free-running period for the second through fifth cycles for eyes from animals that had been entrained to either 11 h light:ll h dark (LD 11:11) or LD 13:13. Eyes were either completely isolated (eye), connected to the cerebral ganglion (eye + brain), or connected to the cerebral ganglion that also remained attached to the contralateral eye (coupled). Figure 6 . Plots of the average duration of activity (alpha, circles) and rest (rho, squares) for each cycle of eyes from animals that had been entrained to either 11 h light:ll h dark (LD 11:11, filled symbols) or LD 13:13 (open symbols). In Panel A, the eyes are isolated. In Panel B, the eyes remain attached to the cerebral ganglion. The duration of both activity and rest are shorter in isolated eyes from the 22-h light cycle. In the attached eyes, the duration of activity is essentially identical for eyes from the two light cycles, and only the rest period is reduced in the eyes from the 22-h light cycle. cadian pacemaker (Michel et al., 1993) . However, the BRNs are strongly coupled via electrical synapses (Geusz and Block, 1992) , and it seems unlikely that they would fulfill the requirements of current mathematical models of aftereffects, which demand multiple oscillators with moderate or weak coupling and differential sensitivity to light. As techniques improve for long-term recording of circadian rhythms from single BRNs, it should be possible to determine whether or not the individual cell is competent to express aftereffects of entrainment in the absence of input from other cells in the eye. It also should be noted that our experiments examined the expression of aftereffects following entrainment of the intact animal. Another interesting question, not generally addressed by the data presented here, is whether or not aftereffects can be generated in the isolated eye. It may be that the processes that lead to the generation of aftereffects can be separated from those processes involved in their expression and could require interactions among components of the circadian system.
A second interesting feature of the data is that the amplitude of the aftereffects expressed in the intact system is less than that in the isolated eye in both Bulla and Aplysia. One interpretation of this result is that efferent signals from the cerebral ganglion modulate the period of the ocular pacemaker, limiting the range of periods that can be expressed. An alternative explanation is that section of the optic nerve (which dam-ages axons of retinal cells) somehow nonspecifically changes the period. This seems unlikely to us for several reasons. First, there are known efferent connections that arise in either the contralateral eye or the central nervous system (e.g., Roberts and Moore, 1987; Jacklet et al., 1987) . Second, neither the cutting of the cerebral-cerebral connectives (Page and Nalovic, 1992) , which damages BRN axons, nor severe surgical insults to the eye, which damage the distal photoreceptors or basal retinal neurons (Block and Wallace, 1982; Block and McMahon, 1984) , have significant effects on the free-running period. Finally, the effect is not a nonspecific lengthening of period; rather, and interestingly, it is dependent on the period of the ocular pacemaker. The effect of the connection between the eye and the central nervous system was to lengthen 1 c Mean &plusmn; 95% Confidence Intervals LD 11:11 26 LD 13:13 24 23 EYE EYE+BRAIN COUPLED in animals from the T22 light cycle; however, for animals from T26, the efferent signals had no effect or slightly shortened 'to The results suggest that not only are intercellular interactions within the intact system unnecessary for the expression of aftereffects, they significantly diminish the history dependence of i on the prior entrainment cycle. An interesting possibility is that an efferent signal from the brain that modulates i of the ocular pacemaker is itself periodic. Whether or not this is the case, it will be of particular interest to determine the origin and temporal structure of the efferent signals to the eye.
The observation that efferent signals reduce the amplitude of the difference in period between eyes from T22 and those from T26 notwithstanding, it is noteworthy that the aftereffects described for the intact Bulla system are actually similar in amplitude to the aftereffects of entrainment described for the circadian rhythm of running-wheel activity in nocturnal rodents. For example, mice (Mus musculus) released from entrainment to either 20or 28-h light cycles exhibited initial differences in period of about 1.3 h (Pittendrigh and Daan, 1976a) . This is similar in magnitude to the 1.0to 1.2-h difference inr that we found in Bulla when the eye remained attached to the brain. This suggests, by analogy, that aftereffects in rodents might be even more pronounced if it were possible to eliminate input to the pacemaking system (suprachiasmatic nuclei) from other regions of the central nervous system. We were unable to delineate a specific phase of the cycle whose duration in constant conditions is affected by the prior light regime. The difference inr between isolated eyes of animals entrained to either T22 or T26 light cycles appeared to involve changes in duration of both the active and rest phases of the circadian cycle. Nevertheless, it seems unlikely that all phases of the cycle are equally influenced by aftereffects. With additional experiments, it might be possible to define those phases that are modified, which in turn could provide clues to the cellular mechanisms that underlie the expression of aftereffects of entrainment.
